Phosphorus is an essential nutrient for many biological functions, including cellular signal transduction, mineral metabolism, and energy exchange. On the other hand, a relatively high serum phosphorus level is reportedly a risk factor for cardiovascular disease (1, 2) because inorganic phosphates have been shown to stimulate differentiation of vascular smooth muscle cells into calcifying vascular cells (3). Therefore, serum phosphorus regulation may help to prevent cardiovascular diseases.
Phosphorus is an essential nutrient for many biological functions, including cellular signal transduction, mineral metabolism, and energy exchange. On the other hand, a relatively high serum phosphorus level is reportedly a risk factor for cardiovascular disease (1, 2) because inorganic phosphates have been shown to stimulate differentiation of vascular smooth muscle cells into calcifying vascular cells (3) . Therefore, serum phosphorus regulation may help to prevent cardiovascular diseases.
Fibroblast growth factor 23 (FGF23) is a bone-derived hormone that plays a regulatory role in phosphorus homeostasis. FGF23 has been shown to reduce serum phosphorus levels by inhibition of proximal tubular phosphorus reabsorption through decreased expression of types 2a and 2c sodium-phosphate cotransporters and by decreasing intestinal phosphorus absorption through inhibiting calcitriol synthesis in the kidney (4) . Moreover, FGF23-null mice were shown to exhibit severe vascular calcification with concomitant hyperphosphatemia (5) . These facts suggest that FGF23 may have a protective effect on vascular calcification by hyperphosphatemia suppression. In contrast, several hemodialysis studies reported that elevated FGF23 levels were associated with aortic calcification (6) and mortality (7, 8) independent of serum phosphorus levels. Elevated serum FGF23 levels, even within the normal range, are reportedly associated with increased left ventricular mass index and increased risk for the presence of left ventricular hypertrophy in elderly subjects (9) . Furthermore, a recent study suggested that elevated FGF23 levels contributed directly to high rates of left ventricular hypertrophy and mortality in individuals with chronic kidney diseases (10) . Thus, FGF23 regulation may also play a clinically significant role in the prevention of cardiovascular diseases.
Oral phosphorus supplementation is known to stimulate FGF23 secretion, although the underlying mechanism has not been clarified. In our preliminary study, we found that plasma FGF23 levels in rats increased after oral phosphorus administration at a physiological dose; however, this increase slowly began around the time that plasma phosphorus levels had decreased (unpublished data). Based on these findings, we reasoned that oral phosphorus supplementation may secondarily increase FGF23 secretion. Parathyroid hormone (PTH) is also secreted in response to phosphorus administration (11) and subsequently increases urinary phosphorus excre- 
Note

Oral Phosphorus Supplementation Secondarily Increases
Materials and Methods
Animals. Eighteen female Wistar rats were purchased from Japan SLC, Inc. (Shizuoka, Japan) and cared for in accordance with the guidelines of the ethics committee on animal use of Meiji Co., Ltd. The rats were housed in plastic cages in a temperature-, humidity-, and light-controlled room (2162˚C, 55615% humidity, 12-h light/dark cycle) and given ad libitum access to a standard diet (AIN-93M; 0.5% calcium and 0.3% phosphorus) (13) .
Study design. After acclimation, the rats (12 wk old) were divided into three body weight-matched groups of six rats each: a control group, a cinacalcet (CIN) group, and a CIN1human PTH (hPTH) (1-34) group. CIN is a drug that acts as an allosteric activator of the calcium-sensing receptor (CaSR) and reduces PTH levels by increasing the sensitivity of the parathyroid gland CaSR to ambient calcium (14, 15) . PTH (1-34) is a bioactive N-terminal 34-amino acid fragment of hPTH. After overnight fasting, the CIN and CIN1hPTH (1-34) groups were orally administered CIN hydrochloride (Regpara; Kyowa Hakko Kirin, Co., Ltd., Tokyo, Japan) at a dose of 30 mg/kg and the control group was administered a vehicle only (20% hydroxypropyl-b-cyclodextrin). After 30 min, all rats were orally administered 90 mg/kg of phosphorus as a 40-mg/mL potassium dihydrogen phosphate solution. Immediately after phosphorus administration, the CIN1hPTH group subcutaneously received a synthetic hPTH (1-34) substitute (teriparatide acetate, 80 mg/kg; Teribone; Asahi Kasei Pharma Corp., Tokyo, Japan), whereas the control and CIN groups received physiological saline. The dose of phosphorus was equivalent to approximately one-third of the daily phosphorus intake of rats. The dose of CIN was determined based on the previous studies (16, 17) , which showed that oral CIN administration at 30 mg/kg substantially decreased serum levels of intact PTH until 12 or 24 h after administration in normal rats. The dose of hPTH (1-34) was determined based on the study of Li et al. (18) , which reported that normal rats receiving subcutaneous injection of hPTH (1-34) at 80 mg/ kg showed approximately 50 pg/mL of serum hPTH (1-34) levels at 1 h after injection.
Blood samples were collected from the tail vein using heparinized capillary tubes immediately before and at 1, 2, 3, 4, and 6 h after oral phosphorus administration.
The samples were centrifuged at 11,000 rpm for 5 min and the plasma portion was then stored at 280˚C until being assayed. These samples were used to determine the levels of phosphorus, calcium, intact PTH, FGF23, and hPTH (1-34). After the experiment, rats were euthanized by exsanguination through the aorta under pentobarbital anesthesia.
Measurements of plasma phosphorus, calcium, intact PTH, FGF23, and hPTH . Plasma phosphorus and calcium levels were measured using commercial kits (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Plasma FGF23 levels was determined using the FGF23 enzyme-linked immunosorbent assay (ELISA) kit (Kainos Laboratories, Tokyo, Japan). Levels of plasma intact PTH were assayed using the Rat Bioactive Intact PTH ELISA kit (Immunotopics International, San Clemente, CA), which is specific for the full-length intact 1-84 form of the molecule. Due to insufficient volume, plasma samples from each group were pooled and then assayed for plasma hPTH (1-34) levels using the High Sensitivity Human PTH (1-34) ELISA kit (Immunotopics International).
Statistical analysis. Values are presented as the mean 6standard error of the mean (SE). Bartlett's test was performed to determine the homogeneity of variances. If the assumption of homogeneity of variances was not rejected, differences among groups at each time point were analyzed using the analysis of variance (ANOVA) followed by the Tukey-Kramer test and differences between time point 0 and each time point within each group were analyzed by ANOVA followed by Dunnett's test. If the assumption was rejected, differences at each time point were analyzed using the Kruskal-Wallis test followed by the Steel-Dwass multiple comparison test and differences between time point 0 and each time point within each group were analyzed using the Kruskal-Wallis test followed by Steel's test. All statistical analyses were performed using Ekuseru-Toukei software (Social Survey Research Information Co., Ltd., Tokyo, Japan, 2012). A probability (p) value ,0.05 was considered statistically significant.
Results and Discussion
To investigate PTH involvement in the increase in plasma FGF23 levels after oral phosphorus administration, we orally administered phosphorus with concomitant subcutaneous injection of saline or hPTH (1-34) following treatment with CIN or its vehicle in rats. Plasma phosphorus levels significantly increased 1 h after oral phosphorus administration, but returned to basal levels within 3 h (Fig. 1) . Plasma PTH levels significantly increased 1 h after oral phosphorus administration and returned to basal levels within 3 h as did plasma phosphorus levels (Fig. 2) . However, plasma FGF23 levels did not change up to 2 h post-treatment, but rather increased at 3 h after oral phosphorus administration and maintained higher levels for at least 6 h compared with the 0 time point (Fig. 3) . Nishida et al. (11) reported that serum FGF23 levels did not change over a short period (up to 6 h), but slowly increased at 8 h after oral phosphorus administration at a dose of 1,200 mg in healthy men, while serum phosphorus and PTH levels increased over a short time, which is consistent with our findings. Oral phosphorus administration did not affect plasma calcium levels (Fig. 4) . PTH secretion is primarily controlled by CaSR in response to extracellular calcium (19) . In contrast, our results indicated that oral phosphorus administration stimulated PTH secretion independently of plasma calcium levels.
Several in vitro (20) (21) (22) and in vivo (23) (24) (25) studies have demonstrated that phosphorus administration can stimulate PTH secretion independently of calcium levels, which was in accordance with our results.
Treatment with CIN significantly inhibited the increase in plasma PTH levels (Fig. 2) . Plasma hPTH (1-34) levels in rats treated with CIN1hPTH (1-34) were 102.6 pg/mL (1 h), 28.4 pg/mL (2 h) and 8.9 pg/ mL (3 h) and decreased to non-detectable levels at 4 h. In CIN-treated rats, plasma phosphorus levels were significantly higher than those in rats without CIN treatment at 2, 3, 4, and 6 h after oral phosphorus administration (Fig. 1) . In addition, rats treated with CIN1hPTH (1-34) showed significantly lower plasma phosphorus levels at 1, 2, 3, and 4 h after oral phosphorus administration compared to CIN-treated rats. These results indicated that PTH suppressed the increase in plasma phosphorus levels after oral phosphorus administration. Plasma FGF23 levels in CIN-treated rats decreased until 3 h after oral phosphorus administration and remained low for at least 6 h post-treatment compared with the 0 time point. Furthermore, rats treated with CIN1hPTH (1-34) showed transiently but significantly higher plasma FGF23 levels at 3 h after oral phosphorus administration compared to CIN-treated rats. These findings suggested that oral phosphorus administration secondarily increased plasma FGF23 levels at least partially via stimulation of PTH secretion. Some researchers reported that PTH increased FGF23 mRNA levels in vitro (26) and circulating FGF23 levels in vivo (12) , which supports our results. Our findings also suggested that elevated plasma phosphorus levels per se did not stimulate FGF23 secretion as suggested previously (27) . In the present study, hPTH (1-34) administration in CIN-treated rats partially recovered the decrease in plasma FGF23 levels, which could be explained by the following two possibilities: first, plasma hPTH (1-34) levels increased in a transient manner, which may not have been sufficient to continuously recover the decrease in plasma FGF23 levels; second, CIN treatment inhibited the increase in plasma FGF23 levels by another mechanism in addition to inhibition of PTH secretion. Rodriguez-Ortiz et al. (28) reported that hypocalcemia reduced circulating FGF23 levels. In the present study, plasma calcium levels in CIN-treated rats continued to decrease until 2 h after oral phosphorus administration and afterward, they remained lower for at least 6 h compared with the 0 time point (Fig. 4) . In addition, hPTH (1-34) treatment only partially recovered the decrease in plasma calcium levels induced by CIN treatment, although hPTH (1-34) administration at the same dose used in the present study has been reported to effectively increase plasma calcium levels in rats (18) . These findings suggested that CIN treatment may have decreased plasma FGF23 levels by decreasing plasma calcium levels and by decreasing PTH secretion; thus the inhibitory effects of hypocalcemia on FGF23 secretion may have overwhelmed the stimulatory effect of hPTH (1-34), which supports the proposition by Rodriguez-Ortiz et al. (28) that hypocalcemia limits phosphorus-induced FGF23 production. Nemeth et al. (16) reported that CIN administration at the same dose used in the present study not only decreased serum PTH levels but also increased serum calcitonin levels in rats. Calcitonin is a hormone that lowers serum calcium levels. In the present study, CIN treatment seemed to decrease plasma calcium levels by inducing calcitonin and decreasing PTH secretion.
PTH is known to induce calcitriol synthesis. Some researchers reported that calcitriol stimulates FGF23 synthesis in the calvarium of rats (29) and increases circulating FGF23 levels in thyroparathyroidectomized rats (30) . These reports collectively indicate that PTH may indirectly stimulate FGF23 secretion by stimulation of calcitriol synthesis. On the other hand, López et al. (12) reported that PTH can also modify FGF23 under conditions in which calcitriol is controlled. Furthermore, PTH was reported to increase FGF23 mRNA levels in vitro (26) . Further studies are required to clarify whether the stimulatory effects of PTH on FGF23 secretion depend on calcitriol synthesis. Elevated FGF23 levels were reportedly associated with aortic calcification (6) and mortality (7, 8) independent of serum phosphorus levels in patients with hemodialysis, and with increased left ventricular mass index and increased risk for the presence of left ventricular hypertrophy in elderly subjects (9) . In addition, a recent study suggested that elevated FGF23 levels contributed directly to high rates of left ventricular hypertrophy and mortality in individuals with chronic kidney diseases (10) . These reports suggest that FGF23 regulation may play a clinically significant role in the prevention of cardiovascular diseases. In the present study, we demonstrated that phosphorus-induced elevation of FGF23 at least partially resulted from PTH secretion. Thus, regulation of PTH might help to maintain normal levels of FGF23, leading to the prevention of cardiovascular diseases. In conclusion, our findings suggest that oral phosphorus supplementation secondarily increases circulating FGF23 levels at least partially by stimulation of PTH secretion.
